INTRODUCTION
Microbodies (peroxisomes) are ubiquitous organelles of eukaryotic cells. Yeasts are attractive model organisms to study peroxisome biogenesis; in these organisms both the induction and enzyme composition of peroxisomes can be prescribed by manipulating the growth conditions [I] . Upon induction, yeast peroxisomes develop by growth and fission of already existing organelles [I] . Matrix proteins are synthesized on free polysomes which are posttranslationally imported without detectable modification. Topogenic signals, directing these proteins to their target organelles, are highly conserved and predominantly located at the extreme carboxy terminus of these proteins [2] , although exceptions have been encountered [3] .
In contrast, detailed information on sorting of peroxisomal membrane proteins is still lacking. Goodman and co-workers studied targeting of a major specific peroxisomal membrane protein (PMP47) of Candida ~~~d~~~~ in more detail and showed that, after heterologous expression in Saccharomyces cerevisiae, PMP47 is correctly sorted to the peroxisomal membrane [4] , indicating that also for peroxisomal membrane proteins general targeting signals may exist. In order to obtain further information on this topic, we have studied the fate of PMP47 after heterologous expression in both wild type and a conditional (Ts) peroxisome-deficient 
Plasmid constructions and yeast transformation
A H polymorpha -E. coli shuttle plasmid (YEpMOX47) was constructed, containing the 47 kDa PMP of C. boidznii behind the MOXpromoter of H. polymorpha (Fig. 1) . By digestion of plasmid pMEX [7] with the restriction enzymes SafI and EcoRI a 1.5-kb fragment (MOX-promoter) was obtained which was ligated into the EcoRIl Xhoi site (PGK-promoter; 400 bp) of plasmid YEpPGK47, creating plasmid YEpMOX47 (9.9 kb).
Transformation of the plasmid in WT H. polymorpha (Ura 3-l) and the Ts6 [5] was performed according to [8] . This method often results in chromosomal integration due to non-homologous recombination events. Integrants were selected by growth of t~nsfo~ants for at least 40 generations on non-selective media.
Biochemical method
Crude extracts were prepared as described previously [9] . 
RESULTS AND DISCUSSION
Transformants of WT H. polymorpha, containing YEpMOX47 integrated into the genome, had maintained the capacity to grow on methanol as sole carbon source, although at a slightly reduced rate (td = 5.5 h) compared to WT control cells (fd = 4 h). Western blot analysis performed on crude extracts of variously grown transformed cells indicated that PMP47 was solely expressed during methylotrophic growth conditions. As expected, highest levels, comparable to the expression levels of PMP47 in WT C. boidinii, were detected in cells from a carbon-limited chemostaton glucose/methanol mixtures (Fig. 2 , lane A,B); comparatively low expression levels were observed in cells from batch cultures on glycerol (Fig. 2 , lane D) whereas PMP47 was undetectable during growth of cells on glucose (Fig. 2 , lane E) and in untransformed WT control cells (Fig. 2, lane F) .
Electron microscopically, in ultrathin sections of KMnO,-fixed chemostat-grown WT transformants of H. polymorpha no significant alterations were observed on either the average number and size of intact peroxisomes or the structure of the peroxisomal membrane ( Fig. 3A) , compared to identically grown WT controls (not shown).
The intracellular localization of PMP47 in transformed WT H. polymorpha was studied by conventional 212 cell fractionation methods. Two samples were analyzed displaying either high (from glucose/methanol chemostat cultures) or low to moderate expression levels (from batch cultures on glycerol) of PMP47. After sucrose density gradient centrifugation of the 30,000 x g pellet, obtained after differential centrifugation of homogenates of transformed WT cells, grown in batch cultures on glycerol, highly purified fractions of mitochondria (located at 45% (v/v) sucrose) and peroxisomes (located at 53% (v/v) sucrose) were obtained (Fig. 4B) . The assignment of organelles was based on the distribution of their respective marker enzymes cytochrome C oxidase and alcohol oxidase (AO). Western blot analysis of the organellar peak fractions indicated that PMP47 cosedimented with AO, indicating its peroxisomal location (Fig. 4A) . In identical experiments, performed on fully derepressed chemostat-grown cells, a major part of PMP47 cosedimented in the gradient with A0 (Fig. 5A) ; however, in addition a distinct amount of PMP47 was also detected in the mitochondrial peak fraction (Fig. 5B) .
The biochemical results on the location of PMP47 were confirmed immunocytochemically; using monoclonal antibodies against PMP47 and protein A/gold, ABCDEF specific labeling was confined to the peroxisomal membrane of transformed WT cells from batch cultures on glycerol (not shown; compare Fig. 7A ). However, in methanol-grown WT transformants in addition labeling was observed on mitochondrial profiles (Fig. 3C) ; untransformed WT control cells invariably showed no labeling (Fig. 3D ). An identical series of experiments was performed on a transformed temperature-sensitive peroxisome-deficient mutant (Ts6) of H. polymorpha. When grown at permissive temperatures (30"(Z), Ts6 showed properties identical to the transformed WT strain in that (i) it contained intact peroxisomes and was able to grow on methanol, (ii) the levels of PMP47 expression varied with the growth conditions (e.g. the composition of the growth medium), and (iii) PMP47 sedimented in the peroxisomal peak fractions from glycerol-grown cells as was evident from cell fractionation studies (results not shown). However, at restrictive temperatures (43'C) Ts6 lacks peroxisomes and consequently is not able to grow on methanol [17] . Western blot analysis indicated that the level of PMP47 expression in Ts6 was not significantly affected by the temperature and identical in cells, grown at either the permissive temperature (30" C; not shown) or the restrictive temperature (43°C; Fig. 2 January 1993 ous culture on glucose/methanol and grown at restrictive temperature are, as constitutive per mutants, characterized by the presence of large cytosolic alcohol oxidase crystalloids [5] . In identically grown cells of the Ts6 transformant, peroxisomes were completely lacking at 43°C (Fig. 3B ), indicating that PMP47 could not functionally complement the Ts6 mutation. Differential centrifugation of homogenized protoplasts of such cells revealed that the major fraction of PMP47 was sedimentable and present in the 30,000 x g pellet (Fig. 6, A B (including PMP68) are sedim~ntable and contained in a small cytosolic proteinaceous aggregate [IS] . However, due to the very low yield of these proteins, obtained by the cell fractionation procedure, we were not able to further purify the PMP47-containing fraction from the 30,000 x g pellet by biochemical methods (e.g. sucrose density centrifugation) in order to determine its exact location. Therefore, we have studied the location of PMP47 in transformed Ts6 cells immunocytochemitally, using the protein A/gold method. When grown at 30°C labeling in glycerol-grown cells was almost exclusively on the peroxisomal membrane (Fig. ?'A) . However, in fully derepressed cells, grown in a chemostat on glucose/methanol at 43°C specific labeling was observed on cytosolic electron dense aggregates (Fig. 7B) , but also on mitochondrial profiles. Labeling of the mitochondria was predominantly on the cristae (Fig. 7C ), but infrequently also on electron dense aggregates present in the mitochondrial matrix (Fig. 7C, inset) . Under conditions of low to moderate expression of PMP47 (in batch cultures grown at 43°C on glycerol) labeling was confined to cytosolic aggregates. Double labeling experiments, using antibodies against PMP47 and PMP68 of I% polymorpha [15] , showed that both proteins were present in the same cytosolic aggregates (Fig. 7B, inset) . The above location of PMP47 in transfo~ed Ts6 cells was in line with immunofluorescence observations (Fig.  7D-F) . In partly derepressed cells, grown at 30°C on glycerol, peroxisomal membranes showed fluorescence (30°C ; Fig. 7D) ; however, at restrictive growth conditions (43°C) these cells invariably showed one, or infrequently very few, intense fluorescent spots (Fig. 7E) . In fully derepressed cells (from glucose/methanol-grown chemostat cultures) grown at restrictive temperatures several spots were observed part of which, on the basis of their elongated morphology, were considered to represent mitochondria (Fig. 7F) . Therefore, at enhanced expression rates, also in the absence of peroxisomes part Fig. 7 . Immunocytochemical experiments performed on ultrathin sections of glycerol-grown transformed Ts.6 using specific antibodies against PMP47 and protein A/gold. At permissive temperatures (30°C) labeling is located on the peroxisomal membrane (A), at restrictive temperatures (43°C) gold particles have accumulated on an electron dense cytoplasmic aggregate (B; arrow); in addition few gold particles are present on mitochondrial membranes. Double labeling experiments (B, inset) showed that PMP47 accumulated in aggregates together with homologous PMP's (8 nm gold: anti PMP68 of H. polymorpha [15] ; 15 nm gold, anti PMP47, arrows). C. Detail of a fully derepressed Ts6 transformant (grown at 43°C in a chemostat on glucose/methanol) showing labeling on the mitochondria; infrequently labeling was also present on electron dense aggregates in the mitochondrial matrix (C, inset; bar = 0.1 pm; A-C: glutaraldehyde. Lowicryl; uranyl acetate). D-F: immunofluorescence experiments performed on aldehyde-fixed spheroplasts of transformed Ts6, using monoclonal antibodies against PMP47 of C. boidimi and FITC. In glycerolgrown cells, grown at 30°C the peroxisomal membranes show fluorescence whereas at restrictive temperature (43°C; Ef these cells display a single fluorescent spot. of the PMP47 appeared to be mislocalized into mitochondria rather than being precipitated in additional aggregates.
We have interpreted these results as follows. The initial target of PMP47, after heterologous expression in WT H. polymorpha, solely comprises the peroxisomal membrane, indicating that conserved topogenic signals may exist for yeast PMP's [4] . At enhanced expression levels in fully derepressed cells the initial target apparently becomes saturated, resulting in sorting of the additional PMP47 to mitochondria. As expected, an identical fate of PMP47 is observed in permissive Ts6 cells. The physiological experiments revealed that incorporation of a heterologous protein in the peroxisomal membrane of H. polymorpha only had a minor effect on growth of cells on methanol and therefore did not severely hamper peroxisome functioning [ 171.
In restrictive Ts6 cells however, PMP47 initially accumulates in cytosolic protein aggregates in which it is present together with homologous PMP's of H. polymorph~ fl8]. Since in untransfo~ed per mutants of H. p~~ymorpha PMP's are shown to be located in a single proteinaceous aggregate [ 181, these results suggest that PMP47 is specifically sorted to the already existing, homologous PMP aggregates. Therefore, also in per mutant cells the sorting signals of PMP's may still be functional, providing further evidence for the earlier assumption [IS] that the PMP aggregates in these mutants in fact represent peroxisomal remnants. The alternative explanation, namely unspecific aggregation due to a mutual affinity of different PMP's, as is for instance observed for peroxisomal matrix proteins of H. poly~~urpha [9], is less likely since this is expected to result in aggregation of the total amount of PMP's synthesized, irrespective of the expression levels. Our results therefore indicate that upon saturation of the initial target (peroxisome or protein aggregate), additionally expressed PMP47 is targeted to mitochondria, indicating that a cryptic mitochondrial targeting signal might be present on the protein. Based on the derived amino acid sequence [19] , the amino terminus of PMP47 is not expected to function as such. However, several regions of basic stretches of amino acids are located within the protein [4] which may be sufficiently amphipathic to serve as a mitochondrial targeting domain. Furthermore, these stretches can bind to acidic phospholipids, providing several 'weak" putative candidates as mitochondrial targeting domains on the protein.
